Introduction
Implantable cardioverter-defibrillators (ICDs) are considered standard of care for patients with life-threatening cardiac arrhythmias. In small children and patients with venous anatomy that prohibits placement of traditional transvenous leads, nontransvenous coil positions have been used and can be characterized as epicardial, pleural, subcutaneous, or a hybrid of any of the 3 positions. [1] [2] [3] Based on the critical mass hypothesis, the defibrillation threshold is attained when a sufficient mass of excitable cells are simultaneously depolarized, which interrupts activation wavefronts. 4 Defibrillation is thus dependent on reaching a threshold current density in the myocardium. In transthoracic defibrillation, the magnitude of myocardial current density is dependent on the transcardiac current fraction (Fc), which is the ratio of the transcardiac threshold current (I C ) to the transthoracic threshold current (I T ). Over 95% of the transthoracic current is shunted by the thoracic cage and the lungs, with approximately 4% of the current traversing the heart. 5 Rise in defibrillation threshold may be due to use of certain medications, electrolyte abnormalities, underlying cardiac disease, ischemia, or increase in tranthoracic threshold current. We report a case of rise in defibrillation threshold associated with cardiac remodeling after surgical repair in a patient with Ebstein's anomaly.
Case report
A 22-year-old man with Ebstein's anomaly presented with cardiac arrest due to ventricular fibrillation. Figure 1A ). An electrophysiology study was done and he had easily inducible monomorphic ventricular tachycardia with a cycle length of 300 msec, which was terminated with antitachycardia pacing. He underwent bidirectional Glenn, plication of atrialized right ventricle, right atrial reduction, placement of a 29-mm Mosaic valve, and ICD placement. Bidirectional Glenn precluded the use of the upper-extremity venous system, so we opted for an epicardial ICD system. A 25-cm coil was placed at the posterior aspect of the left ventricle (epicardial left ventricular lead [eLV]) and a 5-cm coil lateral to the right superior vena cava (epicardial superior vena cava lead [eSVC]). The generator was placed in a pocket posterior to the rectus sheath slightly leftward from midline. Defibrillation threshold (DFT) testing was performed 5 days after cardiopulmonary bypass. On testing, there was failure to convert with maximal output of 41 J. The system was then revised by adding a 25-cm coil from the left fifth mid-axillary line and tunneled subcutaneously toward the spine (Figure 2A ). The eLV was connected to the subcutaneous (SC) coil using a Y adapter. DFT was performed with eLV/SC-eSVC coil configuration. Three inductions were done with this configuration, with failure at 31 J and success ! 2 at 36 J, with a shock impedance of 36 U. During follow-up 2 months later, a significant reduction in cardiac size was noted on chest radiograph ( Figure 1B) . Since we had a 5 J safety margin for the DFT at implant, we proceeded to repeat DFT testing, which showed an increase in DFT to greater than 41 J and a decrease in shock impedance to 27 U. Cardiac computerized tomography (CT) scan was obtained, which showed a significant reduction in heart size (RV plus RA total volume decreased by 51%), resulting in an increase in the amount of lung between the SC coil and myocardial mass (RVEDV 600 mL, RVEDVi 333 mL/m 2 , RAV 160 mL, RAVI 89 mL/m 2 ) ( Figure 2B ). SC coil position was revised by moving the distal half of the coil from the posterior position to a more anterior and lateral location ( Figure 2C ). The device pocket was not opened. The lowest effective defibrillation threshold was 31 J, with a shock impedance of 46 U.
Discussion
In our patient, extensive remodeling of the right ventricle after surgical repair resulted in a decrease in cardiac volume with concomitant re-expansion of the left lung. This likely led to shunting of the current across the lung, leading to a drop in the impedance and increased DFT. Prior experiments have shown that 14% of the transthoracic current is shunted by the lung during transthoracic defibrillation. 6 Newman and colleagues 7 assessed the time-dependent effects with a transvenous defibrillation system and found that the impedance rises during follow-up. At our 2-month follow-up, we noted a 25% decrease in impedance rather than a rise as was expected. On repositioning of the subcutaneous coil, the impedance rose by 70%.
Jolley and colleagues 8 used a finite element model to demonstrate that defibrillation threshold testing variability is accounted for by electrode location and length of electrode coils. Using a transverse cut of a chest MRI and CT with the largest proportion of myocardium visible, the center of a circle around the myocardium was chosen as the center of the myocardial mass (Figure 1 ). Efficacy is improved by aligning the inter-electrode shock vector as closely as possible to the center of the mass of the ventricular myocardium, and by use of longer electrode coil lengths. 8 In our patient, the initial 2-epicardial-coil configuration did not cover the myocardial mass on the left chest and failed to depolarize a sufficient amount of fibrillating myocardium to terminate fibrillation. Implantation of an additional subcutaneous coil posterolaterally shifted the shock vector leftward and decreased the DFT.
Cardiac remodeling resulted in a reduction in posterior myocardial mass and redistribution of the intrathoracic current, as evidenced by the impedance drop. The CT demonstrated that the center of the myocardial mass moved anteriorly. Moving the coil anteriorly brought the coil closer to the center of the myocardial mass and reduced the amount of lung between the coil and myocardial mass. This resulted in a better electrode-to-generator shock vector, rise in impedance, and lowering of the DFT.
In patients with congenital heart disease and severe cardiomegaly, aligning the shock vector to the center of the mass is critical to achieving an acceptable defibrillation threshold. Remodeling of the heart post repair must be kept in mind, as this can change the DFT significantly in patients with nontransvenous ICD leads.
KEY TEACHING POINTS
Defibrillation threshold in nontransvenous implantable cardioverter-defibrillator (ICD) coil systems is determined by the ratio of transcardiac and tranthoracic current distribution.
Cardiac remodeling can alter the transthoracic current distribution and raise the defibrillation threshold.
Hybrid ICD coil placement is an alternative for pediatric patients and those with congenital heart disease. 
